Synthetic oligonucleotide probes can be easily obtained and used, in contrast to cDNA cloning to develop probes, and thus the present study was carried out to determine whether such probes could also be useful for in situ hybridization. A 24-base synthetic oligonucleotide complementary to part of the a-melanocyte-stimulating hormone (a-MSH) coding region of proopiomelanocortin (POMC) mRNA was 5'-end-labeled by using [y-32P]ATP with T4 polynucleotide kinase or was 3' tailed by using [a-32P] (200-250 g; Charles River Breeding Laboratories) were anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and perfused intracardially with 50 ml of ice-cold saline followed by cold 0.1 M phosphate-buffered 4% formaldehyde for 30 min (21). One group of animals (n = 6) had been treated with haloperidol (2 mg/kg per day, i.p.) or saline for 4 days prior to perfusion. Pituitaries were removed, postfixed in ice-cold buffered formaldehyde for 1 hr, and incubated overnight in 15% sucrose in 0.02 M phosphate-buffered saline (21) at 4°C. The tissues were then frozen in liquid N2, and 10-,um-thick sections were cut in a cryostat at -20°C, thaw-mounted onto gelatin-coated slides, and stored at -80°C.
end-labeled by using [y-32P]ATP with T4 polynucleotide kinase or was 3' tailed by using [a-32P] by prehybridization of the tissue with unlabeled a-MSH oligonucleotide probe. Furthermore, the hybridized probe exhibited a sharp sigmoid curve when melted off. Finally, the oligonucleotide probe detected, in situ, the haloperidol-induced elevation of intermediate lobe POMC mRNA. Thus, the oligonucleotide probe exhibited hybridization in an anatomically and biochemically specific manner, and it detected a tissue-specific change in mRNA levels in situ.
The isolation and characterization of specific mRNAs has had a major impact on our ability to study the regulation of gene expression. In complex tissues, such as vertebrate nervous or endocrine systems, cell-specific regulation of gene expression often occurs. For example, in rat pituitary, proopiomelanocortin (POMC) mRNA levels are regulated by glucocorticoids only in the anterior lobe corticotrophs and by dopamine only in the intermediate lobe melanotrophs (1) (2) (3) (4) (5) (6) (7) . Because of such subtle complexities, investigators have begun to study mRNA regulation at the single-cell level by in situ hybridization with cDNA (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) or complementary RNA (20) probes. The (21) . One group of animals (n = 6) had been treated with haloperidol (2 mg/kg per day, i.p.) or saline for 4 days prior to perfusion. Pituitaries were removed, postfixed in ice-cold buffered formaldehyde for 1 hr, and incubated overnight in 15% sucrose in 0.02 M phosphate-buffered saline (21) at 4°C. The tissues were then frozen in liquid N2, and 10-,um-thick sections were cut in a cryostat at -20°C, thaw-mounted onto gelatin-coated slides, and stored at -80°C. Probes The rat POMC cDNA was 32P-labeled by nick-translation as described elsewhere (7, 14, 19) .
In Situ Hybridization. The slides were warmed to room temperature, and a raised spot of nail polish was applied near the section and allowed to dry to facilitate later removal ofthe coverslip. Slides were then incubated in 95% (vol/vol) ethanol for 10 min at -70°C, followed by 80%, 70%, and 50% ethanol, and water, for 3 min each at room temperature. The slides were transferred into 0.2 M HCl for 20 min at room temperature, followed by 2x NaCl/Cit (1 x NaCl/Cit = 0.15 M NaCl/0.015 M sodium citrate, pH 7.2) for 30 min at 700C
and then briefly at room temperature before covering the sections with 50 ,ul of prehybridization buffer [2x NaCl/Cit containing Denhardt's solution (0.02% Ficoll-400/0.02% bovine serum albumin/0.02% polyvinylpyrrolidone-40) and 10% dextran sulfate in 20 mM sodium phosphate, pH 7.2] for 2 hr at 370C. The labeled probes were then diluted (for probe concentrations, see Results) in hybridization buffer [50% (vol/vol) formamide/10% dextran sulfate/Denhardt's solution/i mg of yeast tRNA per ml/100 ,ug of sonicated salmon sperm DNA per ml in 3 x NaCl/Cit] and applied to the tissue sections in 50 ,1. Coverslips were placed over the sections and the slides were incubated overnight at 370C. The coverslips were then gently removed in 2x NaCl/Cit, and the slides were washed at room temperature by sequential incubations, with stirring, in 100 ml of2x NaCl/Cit (2 hr), 1x NaCl/Cit (2 hr), and 0.5x NaCl/Cit (1 hr). The slides were further washed in 0.5 x NaCl/Cit for 1 hr at 450C, and again for 1 hr at room temperature, and then air dried. The spot of nail polish was removed, and autoradiographic detection of the hybrids was carried out by exposing the slides in a cassette to x-ray film, or by coating them with Kodak NTB2 emulsion diluted 1:1 with 0.1% Dreft detergent at 41°C. The film or emulsion was developed, fixed, and analyzed by spot densitometry (26) or light microscopy, respectively.
RESULTS
In Situ Hybridization. In the initial studies, the synthetic oligonucleotide was end-labeled by using polynucleotide kinase to catalyze the transfer of the -phosphate from [y_32P]ATP to the 5' terminus of the oligonucleotide. This labeled probe hybridized to the intermediate lobe of pituitary ( Fig. 1 ), a region shown by previous studies to contain molecules hybridizing to much longer probes derived from POMC cDNA (7, 11, 14, 19) . The anatomical specificity of this labeling was indicated by the expected relative absence of label in the posterior lobe. These findings are consistent with the localization of POMC peptide immunoreactivity in pituitary (27) (28) (29) (Fig. 3) . As expected, the presumed nonspecific signal from the posterior lobe was not reduced by the unlabeled probe (Fig. 3) . To ensure that the signal depended upon base pairing, the labeled oligonucleotide was preincubated in solution with an unlabeled mRNA sense (i.,e., complementary) oligonucleotide prior to in situ hybridization. The resulting hybrid of the two oligonucleotides failed to label the tissue in a specific or nonspecific manner (data not shown). (Fig. 4) . These values are close to the value obtained by using a 5'-32P-labeled probe (tm = 690C; Fig. 4), as well as to a theoretically calculated (19, (30) (31) (32) value of 690C. In contrast to these tm values and the characteristic sharp sigmoid melting curve for the intermediate lobe signal, the posterior lobe signal was removed as a linear function of temperature, with the same lower apparent tm value of 520C for the short-and long-tailed probes (Fig. 4) .
RNA Blot Analysis. To further characterize the in situ target of the oligonucleotide probe, poly(A)+ RNA was prepared from pituitary, separated by gel electrophoresis, transferred to nitrocellulose, and hybridized with the 32P-end-labeled a-MSH oligonucleotide or nick-translated 32P-labeled POMC cDNA. Both the oligonucleotide and cDNA probes hybridized to only a single species of RNA, approximately 1200 bases in length (Fig. 5) .
Detection of POMC mRNA Induction in Intermediate Lobe After Haloperidol Treatment. As a final test ofoligonucleotide probe specificity and to provide initial data on the usefulness of these probes in detecting the effects of in vivo treatment, pituitary sections from haloperidol-treated and control rats were hybridized with the 32P-labeled oligonucleotide or cloned cDNA probes used previously. As expected from previous studies (3, 4, 19) , the hybridization signal in the Unlabeled ) is included as a control for specificity. The oligonucleotide was 32P-labeled at the 5' or 3' terminus. The 3'-end-labeled probes were separated by gel electrophoresis and then divided into two pools according to dC tail length (short, 1-3 additions; long, 4-10 additions). The probes were hybridized to pituitary sections, and the autoradiographic signal from intermediate and posterior lobes was quantified by spot densitometry of the x-ray film. The sections were then washed in 0.5x NaCl/Cit for 1 hr at various temperatures ranging from 37°C to 85°C and then in 0.5x NaCl/Cit for 10 min at room temperature, dried, and reexposed to x-ray film for the same length of time (24 hr). The percent signal lost was calculated from the pre-and post-melt film optical density measurements, and these values were used for the graphic estimation of the tm. Estimates are listed in the figure; theoretical tm = 69°C.
Biochemistry: Lewis et (34) . Poly(A)3 RNA was prepared as described (34) . The RNAs were separated on a 1.5% agarose/2.2 M formaldehyde gel and transferred to nitrocellulose membranes by using passive transfer in 20 x NaCI/Cit overnight (35) . Blot hybridization was carried out at 450C for hr at an oligonucleotide concentration of 2-5 nM and a probe specific activity of approximately 109 dpm/ nmol. Filters were washed to a stringency of2x NaCl/Cit/0.1% NaDodSO4 at 450C (34, 36 (11) . In addition to the resolution with 32p in emulsion autoradiography being poor (37) , POMC mRNA may be less abundant in corticotrophs than in intermediate lobe cells (7) , making the corticotrophs harder to detect. On the basis of Bollum's (38) studies of synthetic oligomers as test substrates for terminal deoxynucleotidyltransferase, an enzyme that catalyzes the sequential addition of nucleotides to exposed 3' termini, we used this reaction to add multiple 32p-or 3H-labeled nucleotides to the synthetic a-MSH probe. These 3'-tailed probes hybridized with the same anatomical specificity as the 5'-labeled probe, regardless of tail length, indicating that longer tails should be used to increase probe specific activity. Furthermore, the 3H-labeled probe gave a strong discrete hybridization signal from cells in the pituitary anterior lobe, as reported previously for 3H-labeled POMC cDNA (14 (3, 4, 19) , was also confirmed on a series of alternate tissue sections with a longer POMC cDNA. The high correlation (r = 0.96) between the hybridization OD values obtained using the two probes confirms the accuracy of the oligonucleotide probe in detecting a predicted change in mRNA levels.
Compared to cloned cDNA probes, synthetic oligonucleotide probes have several noteworthy advantages for in situ hybridization studies, particularly for the non-molecular biologist who wishes to use the technique for cell biological investigations. While cDNA clones may be difficult to obtain, oligonucleotide probes can be readily synthesized if there is appropriate DNA sequence information. Also, since increasing probe length impairs penetration into tissue (7, 9, 20, 39) , the relatively shorter oligonucleotides are less anatomically constrained than cDNAs (usually several hundred nucleotides in length). Furthermore, an oligonucleotide can be designed to correspond to a sequence at any point in a known structure. SP6-derived complementary RNA probes (20, 40, 41) , like oligonucleotides, have the considerable advantage of being single-stranded, but they still require microbiological and molecular biological expertise to obtain. The disadvantage of oligonucleotides, of course, is that they cannot be made as radioactive by end-labeling as a nick-translated cDNA probe or an SP6-derived complementary RNA probe, and thus their use requires a longer exposure time for autoradiography. However, we have shown here that the attachment of multiple radioactive nucleotides to an oligonucleotide by terminal deoxynucleotidyltransferase yields probes that give results qualitatively and quantitatively similar to those obtained from cDNA clones.
Oligonucleotide probes labeled on the 5' end with 32P have proved to be useful in in situ hybridization studies of vasopressin mRNA (34, (42) (43) (44) (45) (46) (47) and somatostatin mRNA (48) , as well as POMC mRNA as reported here. This standard procedure for end-labeling oligonucleotides may not be adequate for routinely achieving fine cellular localization, especially when the mRNA abundance is low. The needed resolution can be obtained by the 3'-end addition of multiple tritiated bases catalyzed by terminal deoxynucleotidyltransferase. This procedure should be generally useful to investigators wishing to end-label synthetic oligonucleotides with radionuclides other than 32p (e.g., 3H, 'IS, or 1251) for detection of mRNA in situ with higher resolution.
